Abstract-The investigation of finite ground coplanar fed ultrawideband (UWB) antenna and the influence of its curvature and the proximity of circular metallic screen on the reflection coefficients and radiation characteristics is presented. The antenna is composed of two circular coplanar strips which enclose slot aperture of similar shape and is designed on a thin and flexible substrate which allows its bending. The antenna configuration has been modeled and experimentally tested, showing good performance in 2-15 GHz frequency with return losses less than −10 dB. It is shown that the bending of antenna does not significantly affect its performance. The existence of metalic screen deteriorates its radiation pattern and reflection coefficient, however with the correct choice of the distance between screen and antenna the required level of return losses can be provided.
INTRODUCTION
The ultra-wideband (UWB) systems have become very attractive for their many advantages and drawn interests of researchers and industry for over a decade now since the Federal Communications Commission (FCC) released the unlicensed frequency band of 3.1-10.6 GHz for commercial UWB applications [1] . UWB systems are characterized by low operating power level, low complexity, high data rates and great capacity. They find application not only in wireless communication but are also used in see-through-wall radar-imaging [2, 3] and ultrawideband microwave imaging for the detection and localization of breast cancer [4] [5] [6] [7] [8] . One of the most essential parts of the UWB systems are antennas. They are required to operate in a wide frequency band, be compact and simple with small dimensions and light weight [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
When the antenna is designed on thin and flexible dielectric substrate it can be bent and placed on curved surfaces.
As authors have recently shown [25] that the bending of coplanar fed UWB antennas does not significantly affect their performance. Therefore, this type of antenna is suitable for use in flexible electronic systems [26, 27] . Conformal antennas are becoming popular due to their many advantages and possibilities of applications they offer [28] [29] [30] . The advantages of using antennas with a curved surface arise not only from the possibility of integrating them with the object on which they are mounted on but also from the increase, relatively to planar antennas, of their visible angular range. The circular antenna arrays, or arrays of radiators located on the surface of a cylinder may be the examples of such antennas that provide omni-directional radiation patterns in azimuth plane or provide, in this plane, the possibility of beam control. Such antennas can be used, e.g., in base stations for mobile communications systems. The conformal antenna arrays find their applications in a variety of fields such as airborne, space-borne, ship-borne, missile-borne radar, space vehicles, wireless communication and sonar.
The analysis of finite ground coplanar fed UWB antennas mounted on a circular metallic cylinders is being conducted in this paper. The influence of curvature of the antennas as well as the proximity of metallic surface on their reflection coefficients and radiation patterns is investigated and the comparison between planar and conformal radiators is made. A commercial software is used to design the UWB radiators and investigate the influence of the curvature. The obtained results are verified by own measurements of manufactured antenna prototypes.
UWB ANTENNA STRUCTURE
The investigated UWB antenna structure consists of circular radiator enclosed by a ground plane realized in planar technology. The basic configuration of the investigated antenna was the coplanar structure, proposed for the first time in [31] . The structure was composed of the circular patch enclosed by the circular slot etched in the infinite ground plane and fed directly from the coplanar line. The modification of this antenna was presented in [18] , where the infinite ground plane was reduced to the strip. The authors have found that the effect of external edge of the ground strip ring is relatively small and can be neglected. However, the detailed investigation of the width of ground plane strip presented in [19] have shown its significant influence on the cutoff capability at low frequencies of the antenna operation band. The UWB antenna which is under investigation here is the modified version of the antenna proposed in [19] , with thinner, more flexible dielectric layer and redesigned feeding line. The schematic configuration of the antenna with its dimensions is presented in Figure 1 . The overall dimensions of the antenna including a dielectric border from the substrate are about 7 × 7 cm and it is designed to operate in the frequency range from 1.9-13 GHz with reflection coefficient −13 dB. The antenna can be additionally redesigned to operate more precisely in the UWB band (3.1-10.6 GHz) which allows to obtain smaller dimensions. Similar antennas with smaller dimensions have already been presented in literature [9, 10] , but their reflection coefficients were up to −10 dB. Although, the −10 dB value of reflection coefficient is acceptable in UWB antennas, taking into consideration the aim of the investigation conducted in this study, which involve testing the influence of metallic screen proximity and curvature of the antenna without introducing additional adjustments, the choice of the bigger and better matched antenna was more appropriate in this case. This is due to the possibility of deterioration of the antenna performance caused by its bending and the presence of the metallic screen.
The investigated configurations of the antenna are schematically depicted in Figure 2 . The curvature of the antenna with radius r around both orthogonal axes is investigated and the existence of metallic cylinder of radius r g is assumed (the distance between cylinder and antenna is d = r − r g ). 
SIMULATION RESULTS
In this section the results of antenna simulation are presented. First the influence of antenna curvature and the existence of metallic screen on the antenna reflection parameters are considered. Next the radiation patterns of chosen antenna configuration are calculated and presented. The simulations were performed with the use of commercial electromagnetic software.
Reflection Parameters
The orientation of the analyzed antenna configurations is depicted in Figure 3 . For the designed antenna in its planar version the reflection coefficient obtained from the simulation is better than −13 dB in the frequency range from 1.9 GHz to 12 GHz. The influence of the curvature of the antenna on its reflection coefficient is analyzed. Figure 4 presents the characteristics of reflection coefficients for the antenna curved around x and y axes (see Figure 3 ) without metallic cylinder, whereas, Figure 5 illustrates the reflection characteristics for the curved antenna with the metallic cylinder. As can be observed from the obtained results, the curvature of the antenna, especially around the x axis, only slightly affects its performance. The existence of metallic cylinder deteriorates the reflection characteristics; however, it is possible to select a proper distance between the antenna and the metallic screen to keep the reflection coefficient value bellow −10 dB in the desired frequency range. The investigations show that this distance should not be smaller than 20 mm.
Radiation Patterns
For the investigated antenna the radiation patterns at three frequencies (f = 3, 5 and 10 GHz) were calculated to illustrate the influence of antenna curvature and the existence of metallic screen. First the planar antenna is analyzed and the obtained results are presented in Figure 6 . As can be seen, the radiation patterns in yz plane are symmetric which is a consequence of the structure symmetry. The antenna radiates in every direction, however the existence of thin dielectric layer of the substrate results in the increase of radiation level in +z direction. When the substrate is thicker the differences in radiation level in +z and −z direction are more visible [19] . From the radiation patterns in xz plane we can observe that the direction of maximum radiation depends on the operation frequency. For lower frequencies the direction of maximum radiation level is normal to the antenna surface (+z and −z), while for higher frequencies it tilts toward x axis.
Next, the investigation of curved antenna with and without the existence of metallic cylinder is conducted. Figures 7 and 8 As can be observed in the case of antenna without metallic cylinder the curvature of the antenna around x axis only slightly affects the radiation pattern. In the case of antenna curved around y axis the influence is more visible. The 3D radiation characteristics for the considered cases are illustrated in the Appendix.
The existence of metallic cylinder deteriorates the antenna patterns. At a fixed value of distance between the screen and antenna the distance in terms of wavelength varies in the antenna wide frequency operation range. Therefore, the antenna pattern deterioration are more visible at higher frequencies. Because the metallic cylinder does not cover entire space behind the antenna, as it would be in the case of planar antenna placed in front of planar metallic screen, the radiation in −z direction occurs in this case. The selection of the distance value allows to shape the antenna pattern. Therefore, the correct choice of the distance value should be made depending on the application and the required shape of radiation characteristic.
EXPERIMENTAL RESULTS
The prototype of the investigated antenna was manufactured and measured to verify the results obtained from simulations. The reflection parameters were measured using Agilent PNA-X N5242A VNA Network Analyzer, and the radiation patterns were measured in anechoic chamber using Agilent E5071C ENA Network Analyzer with GeoZondas UWB AU-3.1G10.6G-1 antenna for measurements at 3 GHz and 5 GHz, and waveguide horn antenna EMCO model No. 3160-07 for measurements at 10 GHz. Figure 9 presents the photos of manufactured antenna, the antenna placed on the tower in anechoic Figure 9 . Photographs of the fabricated antenna and antenna placed on a tower in anechoic chamber. chamber during measurements and the antenna placed on metallic cylinder. The correct distance between the antenna and metallic cylinder was assured by a holder made form Rohacell material (which permittivity is close to 1) which was cut with the use of circuit board plotter.
Reflection Parameters
The measurement results, compared with the simulations, of the planar antenna configuration are presented in Figure 10 .
The reflection coefficient of the manufactured antenna is lower than −10 dB from f = 2 GHz, however in the lower frequency range form 2 GHz to 4 GHz the measured values are about 2 dB higher than the simulated ones. This discrepancies may be due to the effect of SMA connector. The measurements of the curved antenna were performed next. The antenna was curved around x and y axis with curvature radii r = 100 mm, 50 mm and 30 mm. The obtained results are presented in Figure 11 . Figure 12 . Magnitude of reflection coefficient for curved UWB antenna over cylindrical metallic cylinder. Antenna curvature radius r = 70 mm, metallic cylinder radius r g = 38 mm. Solid linesimulations, dashed line -measurement.
As can be seen, besides the case of antenna curved around y axis with curvature radius r = 30 mm, the antenna reflection coefficients are below −10 dB in the frequency range from 2 GHz to 15 GHz.
In the last example we placed the curved antenna with curvature radius r = 70 mm in front of metallic cylinder with radius r g = 38 mm. The antenna reflection coefficients for the cases of curvature around x and y axes are illustrated in Figure 12 . Because the manufactured antenna has the reflection coefficient 2 dB higher in the frequency range 3-4 GHz than the simulated values, in the case of curved antenna placed on the metallic cylinder this effect is also visible.
Radiation Patterns
The measurements of the antenna radiation patterns were performed for three configurations of the analyzed antenna: planar antenna, curved antenna around x-axis with curvature radius r = 70 mm placed on the metallic cylinder with radius r g = 38 mm and curved antenna around y-axis with the same curvature radius and cylinder radius. All measurements were performed at frequencies 3 GHz, 5 GHz and 10 GHz. The results for planar antenna are presented in Figure 13 , while for the curved cases are illustrated in Figures 14 and 15 . Although, there are some discrepancies between the measured and simulated results the character of the patterns are similar and the obtained agreement is satisfactory.
CONCLUSION
The investigation of finite ground CPW-fed UWB antenna and the influence of its curvature and the proximity of circular metallic screen on the reflection coefficients and radiation characteristics was presented. The investigated antenna was designed on a thin and flexible substrate which allowed its bending. The antenna configuration has been modeled and experimentally tested, showing good performance in 2-15 GHz frequency with return losses less than −10 dB. The antenna bending does not significantly affect its performance and therefore is suitable for the use in flexible electronic systems. The performed investigations allow us to formulate some rules concerning the antenna design for the curved surface application. In order to apply the antenna on curved surfaces or in the proximity of metallic screen the base antenna structure (its planar version) should be well matched (the reflection coefficient should be lower than −13 dB in the entire frequency range) as its bending may deteriorate its performance. The distance of metallic screen should be greater than 20 mm in order to keep the reflection coefficient in the acceptable level in the entire frequency range. As the distance between metallic screen and the antenna affects the shape of its radiation patterns, especially at higher frequencies, the correct choice of the distance value should be made depending on the application. 
